Abstract -Both the linewidth reduction and the gain in output power have been analyzed for Josephson-junction arrays with distributed coupling circuits. Different ways of Josephson junction connection to the distributed circuits, as well as both the nonlinear interaction effect and the crucial role of high frequency losses have been studied. It has been found that the contradictory requirements to the junctions as nonlinear active elements on (i) low wave reflection and (ii) high total power produced can be fulfilled by an increase in number of Josephson junctions with a proper impedance value. The first condition is necessary to provide the most reduction in the linewidth, and the second one is needed to compensate for the power output. An array of the biased in parallel bi-crystal Josephson HTSC junctions coupled by microstrip circuit has been fabricated and preliminary tested.
I. INTRODUCTION
he elaboration of promising narrow-linewidth Josephson oscillators for sub-millimeter and near infrared diapasons is an actual problem. These devices can be used as heterodyne oscillators of high-sensitive integrated receivers for radio astronomy and environmental control systems. Spectral lines of light molecules, which are the subject of the environmental control, as well as atmospheric windows are ranged at frequencies about 500 GHz and higher. There are two most effective ways for the oscillator elaboration.
A. Flux Flow Oscillators
Josephson flux flow oscillators (FFO) are now in the lead. They show free-running linewidth of a few MHz or even a few hundred kHz at operation frequency ~ 500 GHz [1] , [2] . The specially designed feed back circuit (external electronic phase-locking loop) is able to reduce the linewidth of the oscillator down to 1 Hz [3] . Nevertheless there are the drawbacks of the systems as follows: low characteristic resistance, low output power, and the limitation on the oscillation frequency about 600 GHz imposed by the low-Tc- superconductor energy gap [3] .
B. Josephson Junction Array Oscillators
To overcome these problems, the oscillators based on Josephson junction arrays could be employed. The devices are able to provide not only high values of characteristic resistance and output power, but also the operating frequency up to several THz in the case of high-T c superconductors with high values of energy gap. There is good reason to believe that the external electronic phase-locking loop, which is similar in design to the one used in FFO systems, could also reduce the oscillation linewidth down to a few Hz if the freerunning linewidth of the arrays would be provided within a few MHz by the phase-locking phenomenon.
The first theoretical investigations of the mutual phaselocking in the lumped unit cells of Josephson junction arrays were carried out analytically for the case of weak Josephsonjunction coupling and negligibly small intrinsic capacitance [4] . The investigations predicted the oscillation linewidth reduction with number N of junctions to be proportional to N or even to N 2 for some special cases. Numerical simulations of the cells showed the maximum phase-locking effect just for the case of the coupling circuits that provide strong non-local interaction and McCumber parameter value β of about unit or a few units [5] . The further development of the numerical analysis technique yielded in effective ways of Josephson oscillation spectrum calculation [6] .
Unfortunately the spectral study for the promising arrays has shown the existing of linewidth reduction with number N only within a coupling radius, i.e. up to characteristic number N c of the junctions [7] . It means the existence of fundamental limitation for the linewidth reduction by the mutual phaselocking phenomenon. Therefore it is very unlikely for the real Josephson junction arrays with lumped coupling circuits to provide the linewidth reduction by factor of 10 2 or more. An additional possibility to reduce the oscillation linewidth could be obtained by means of the phase-locking of Josephson junctions caused by the standing electromagnetic waves exited in distributed coupling circuits.
II. THEORETICAL STUDY
Josephson junction arrays with distributed coupling circuits have been studied by means of numerical simulation technique [6] . The distributed coupling circuits have been modeled by LC-chains [8] T capacitors of the chains is used to insert high-frequency losses. Contrary to [8] , [10] we use here the loss factor α which characterizes the losses on wavelength λ (wave amplitude decreases by factor e α on each wavelength).
Josephson junctions have been described by resistively shunted model in the case of small intrinsic capacitance and Werthammer model in the case of tunnel structures.
A. Distributed System Design
Three different types of the distributed systems with Josephson junction arrays are shown in Fig. 1 and Fig. 2 . Josephson junctions in the arrays are biased in parallel. The distributed coupling circuits may practically present sections of ether microstrip or slot or coplanar lines.
"Book stand" like system (Fig. 1a) presents the set of resonators coupled by the shared Josephson junctions. Inphase oscillations of the excited standing waves result in high amplitude of output voltage between points "1" and "2" [8] . The system could be successfully used for antenna excitation as it is schematically shown in Fig. 1b .
Two types of arrays of Josephson junctions separated by sections of distributed line are shown in Fig. 2 . Both systems are able to provide reasonably high output power into the connected wave-guide line. The phase locking state of all junctions is provided by interaction with common standing wave excited in the distributed systems. The first array (Fig. 2a) is a parallel array of junctions that interact with the standing wave of voltage. This structure is best suited to the low-T c tunnel junction technology. So, the experimental results for the system with array of 30 niobium tunnel junctions were presented recently [9] , and oscillation linewidth 8 MHz at frequency 566 GHz was reported.
In the second array (Fig. 2b ) Josephson junctions interact with the standing wave of current. We have realized just this system on the base of high-Tc superconductor technology (see the whole view of the structure in Fig. 5 ).
All these different distributed structures are characterized by common properties as follows. The lowest oscillation linewidth takes place at reasonably low wave reflection from Josephson junctions. If ρ is characteristic wave impedance, and Z is impedance of Josephson junction (it is about normal junction resistance R N in the case of small junction capacitance), then the requirement of either Z >> ρ for the voltage-wave-interaction system or Z << ρ for the currentwave-interaction system should be fulfilled. It means that a united standing wave is excited in the whole system. In this case only the total length of the distributed line with opened or shorted terminals will dictate the standing wave frequency.
In the case of high reflection from Josephson junctions the distributed system will be divided by the junctions on several resonators with the boundary conditions which are nonlinear and conflicting each to other. It yields in strong nonlinear dependence of the excited wave frequency on the wave amplitude and bias current and hence results in low quality factor of this resonator even with small intrinsic loss [10] . In other words, this case is characterized by strong resonance mode interaction, which gives both smooth and abrupt changing in resonance frequency with the bias current.
B. Junction position
The features of nonlinear interaction between Josephson junctions and the standing current wave result in a restriction on the junction energy contribution in the excited wave [10] . Fig. 3 shows the dependence of the amplitude of the wave excited by Josephson junction on its position in the system shown in Fig. 2b for the case of one junction. Nodes of current in the opened line terminals and maximum in the middle of the line characterize the excited wave mode. In the case of high losses the maximum amplitude of the excited wave takes place at the junction position in the middle. But at low losses the maximum amplitude corresponds to junction position near the node of the current wave. It is seen that the energy contribution even decreases if the amplitude of current through the junction exceeds half the critical current I c . Moreover the restriction on the junction energy contribution is accompanied by an increase in the oscillation linewidth (see Fig. 3 ). The fact seems to be important primarily for the low-temperature superconductor structures especially at operating frequencies about hundred GHz and less.
As for the high-T c superconductor systems, experimental data attest that the losses at the operating frequency f > 600 GHz are rather high [8] and hence the optimum junction positions will correspond to antinodes of the standing current wave.
C. Output Power
An existence of output power is equivalent to additional losses in the distributed system. Nevertheless the insertion losses per section of the wave-guide line between Josephson junctions are less then these additional losses by factor N, where N is total number of junctions (and λ/2 sections). It means that the contradictory requirement to the system on the high output power and the high quality factor Q, which is determined just by the overall losses per wavelength λ, can be fulfilled by an increase in the number N. In this case the output power for the systems shown in Fig. 2 can ranges up to several tens percent of the incident wave power. In one complete cycle the running wave power decreases by factor D = (1-K out )⋅e -2αN = e -(2αN + γ) , where γ = -ln (1-K out ), and K out is transmission coefficient. Therefore when γ/2N is much less then α, the influence of the transmitted wave power is negligibly small. For example, even with transmission coefficient K out = 0.6 the value γ/2N is about 0.01 at N = 50. At the same time, according to [10] the threshold value of the loss factor α is about 0.2.
D. Oscillation Linewidth
Most exhaustive characteristic of the resonator systems is quality factor Q = W/A T , where W is total energy of the resonator, and A T is the loss per oscillation period. Let w be the energy density of the running wave, then we have W = 2wλN/2 and A T = (1-e -2α )wλN/2 ≈ 2αwλN/2. It gives Q = α -1 to be independent on N. Nevertheless, our calculations for the system presented in Fig. 2b show that oscillation linewidth reduction depends on both the loss factor α and the number of junctions N. It is seen from Fig. 4 that the linewidth decreases just proportionally to N. Most likely this important result can be explained by the phase-locking between Josephson junctions and the excited standing wave.
Therefore one can conclude that in principle it is possible to realize the multi-junction system, which could provide the linewidth reduction by the factor k ≈ 10 3 and more even at the losses close to its threshold value (α ≈ 0.2). If the freerunning linewidth of Josephson junction is about 10 GHz the mentioned above value of k allows to reduce the linewidth down to a few MHz. In this case it would be possible to use an external electronic phase-locking loop for the further reduction of the linewidth down to a few Hz [3] .
III. EXPERIMENTAL STRUCTURE

A. Design and Fabrication
The multi-junction system, which is shown in Fig. 2b , has been designed and fabricated on the base of high-T c Josephson junction technology. Five bi-crystal YBa 2 Cu 3 O 7-x Josephson junctions are incorporated in the S/I/N microstrip resonator, which is meander-like in shape. The lower electrode of the microstrip line is layer of YBCO containing the junctions. Upper electrode is the platinum filmstrip, which is separated from the YBCO film by CeO2 layer.
General view of the experimental structure layout is shown in Fig. 5 . Five Josephson junctions, which are the bridges of 4 µm width across a bi-crystal boundary are biased in parallel by dc current I A . On microwave frequency these junctions are coupled by a standing wave excited in the meander shaped resonator. The generated microwave power is transmitted by a transfer slot line to the detector Josephson junction (5 µm width bridge) biased by dc current I d . In the other versions of the experimental structure the transfer line is formed as either microstrip or coplanar line. The detector junction is connected also to an antenna, which is to receive an external microwave signal. The dc bias lines are formed with rf rejection filters to provide high impedance at operating frequency (about 500 GHz). All Josephson junctions are situated on the same bi-crystal boundary of a sapphire substrate.
The structure preparation methodic includes several steps as follows. At first, a thin epitaxial CeO 2 buffer layer was deposited on the substrate surface using rf-sputtering technique, to exclude chemical interaction between the substrate and YBCO superconducting film. The YBCO thin film was deposited using the dc-sputtering technique at high pressure. The deposition temperature was 750 °C, oxygen pressure (during deposition) was 2.8 mbar. The YBCO film was patterned by means of photolithography technique and either rf or liquid etching. Thereupon this YBCO electrode was covered with an insulating amorphous CeO 2 thin film, and the windows in the insulator film were opened using rfetching technique to provide an electrical contact to the YBCO electrode. Finally the layer of Pt was deposited (RFsputtering technique) and patterned (lift-off procedure) to form the upper electrode of the strip line resonator and the contact pads.
B. Measurements
Superconducting properties of the structure were tested two times during the structure fabrication -immediately after YBCO thin film preparation and after the patterning of the bottom electrode. The YBCO thin film showed T c0 > 86 K; its degradation after the film patterning was less than 2 K. The significant degradation was observed after the CeO 2 insulator layer deposition, which had been resulted from the loss of oxygen in the YBCO film during this preparation step. The detailed experimental study, which includes also the microwave measurements, is now in progress.
IV. DISCUSSION
The central problem with the distributed high-T c superconductor systems is to provide the overall losses less then threshold value at frequencies f of about 1 THz and above. It is known from microscopic theory that the surface resistance of superconductors should increase with frequency as f 3/2 , and hence the loss factor α per wavelength should rises as f 1/2 . Unfortunately a major contribution to the overall losses is given also by radiation effect and additional surface resistance defined by the low film quality.
It is hoped that the reported experimental structure, which is based on S/I/N microstrip resonator, will be able to decrease the losses caused by surface resistance and radiation effect.
